To investigate the millimetre-scale surface processes caused by natural rainfall, an 11 undisturbed sample of badlands soil (1 m long, 0.5 m wide and 0.15 m thick) was carefully 12 extracted. The sample is composed of black marl soil from a badlands area of the Draix 13
Introduction 21
Small black marl watersheds have strong responses to climate forcing (Malet et al., 2007) . 22
This study aims to better understand the erosional behaviour and the micro-morphological 23 evolution of these materials caused by micro-scale mass movements in response to 24 precipitation. The goal of this experiment was to extract an undisturbed sample of black marl 25 and expose this material to a natural rainfall event in order to monitor the sample's surface 26 evolution using a 3D laser scanner. This monitoring has permitted us to study the micro-27 topographic surface deformation and erosion processes that may have an impact on 28 infiltration rates during rainfall events (Mitchell and van Genuchten, 1993 ; Römkens and 29 2 Prasad, 2006). In addition, these surface changes may also play a role in the triggering of 30 landslides (Galeandro et al., 2014) . Contrary to the original intention, the duration of the 31 experiment and the rainfall intensity did not permit investigation of splash erosion, which can 32 be important when rainfall is intense (Selby, 1993) , because its effect was below the 33 resolution of our acquisition and because the intensity of the rainfall was rather low. 34
In the past, several studies of artificial rain simulations have been performed at the Draix 35
Observatory (ORE Draix), which is dedicated to the research of mountain hydrology and 36 erosional processes. Previous studies focused on the measurement of sediment transport 37 (Oostwoud Wijdenes and Ergenzinger, 1998) and runoff as a function of precipitation 38 (Mathys et al., 2005) . The badlands ground surface evolution has already been monitored 39 during rainfall simulations by using a pin-type micro-relief meter and photography (Torri et 40 al., 1999; Mathys et al., 2005) , but these tools were not able to reach the same precision as a 41 laser scanner. Recent studies have shown the potential for observing and characterizing 42 erosional processes at the level of micro-topography using a laser scanner (Schmid et al., 43 2004; Barneveld et al., 2013) . 44
The soil sample was extracted from the Draix experimental site (ORE Draix, IRSTEA), a 45 badlands area near the city of Digne-les-Bains in the southern French Alps. The experiment 46 was performed in Lausanne (Switzerland), where the precipitation is similar to the Alpine 47 ground, and the material swells because of the behaviour of the fine-grained material and 66 chemical reactions (Antoine et al., 1995) . The loose upper-layer detrital material is very 67 sensitive to erosion and is a good candidate for experiments involving surface processes 68 imaging. 69
Methods 70

Samples
71
The sample of soil used for this experiment was extracted from a marl outcrop with a 45° 72 slope. The bedding is nearly normal to the face of the outcrop (Figure 1a) . Nevertheless, the 73 loose detrital material at the surface does not display any identifiable bedding structure. The 74 sample is 1 m long, 0.5 m wide and 0.15 m thick. To extract this sample of soil, a metal case 75 was designed to keep the soil structure undisturbed (Figure 1 ). The extraction was performed 76 by pressing the bottomless box into the ground and inserting the bottom plate via tapping with 77 a hammer to isolate a sample of the upper part of the regolith. This sample was stored in the 78 laboratory in dry conditions, which were similar to natural conditions, for 3 months before the 79 experiment started. 80
Experiment design
81
On 31 May, 2011, the soil sample was exposed to natural rainfall from 11h01 to 17h47. 82
During the experiment, the soil sample was kept in its metal extraction casing and was tilted 83 at 45° in order to obtain the same inclination as its in situ conditions. 84
The soil sample was scanned every 30 minutes using a ground-based TLS Leica ScanStation 85 II, which produces point clouds (x, y, and z data) in a three-dimensional space (Figure 1c) . The sample was dry at the beginning of the experiment. The total precipitation during the 91 experiment was 5.5 mm, which corresponds to approximately 1.3 litres entering the metal 92 case. Most of the rainfall was absorbed by the sediment, limiting the transport of sediment by 93 runoff. Consequently, the sample did not reach full saturation. We suspect that a small 94 quantity of evaporation may have occurred during the experiment, but we did not weigh the 95 box before and after the experiment, and this minor influence has been neglected in our study. 
108
The point clouds were "manually" cleaned of the points that were not imaging the surface of 109 the sample, i.e., the metal casing sides, the background of the scenery and several artefacts, 110 including points not located on the terrain's surface, such as rain drops. Only the surface of 111 the sample was kept. Every cleaned scan has a very high point density: more than 400,000 112 points for the first and last acquisitions and a minimum of 110,000 points for the other scans 113 (Table 1) . 114
Each TLS point cloud was first rotated by 45° to obtain an approximately horizontal point 115 cloud in order to interpolate in 2.5 dimensions. The interpolations were performed using an 116 inverse distance method with a power of 1 (Shepard, 1968) via Surfer 8.0 software 117 (GoldenSoftware, Golden, CO, USA). The point clouds were transformed into a regular 118 squared grid of 1 mm for the first and last scans and 2 mm for the other datasets. This 119 provided high-resolution digital elevation models (DEM) of altitude z above the mean 120 horizontal surface. The search radius for DEM generation was defined as 1.5 times higher 121 5 than the pixel size, i.e., 1.5 mm for scans with a point spacing of 1 mm and 3 mm for the 122 scans with a point spacing of 2 mm (Figure 2) . Although different values of DEM cell size 123 were tested, this value was chosen as the most satisfactory compromise between accuracy and 124 resolution. The generated DEMs were compared to quantify and map surface changes, i.e., 125 mass movements and erosion/deposition processes. Each DEM was subtracted from the initial 126 (or reference) DEM (DeRose et al., 1998). The resulting z difference grids have negative 127 value pixels for "erosion" and positive value pixels for "deposition". To limit the noise of the 128 measurements, absolute value differences less than 0.0015 m were ignored; this threshold was 129 obtained by a trial and error procedure. 130
Results 131
The precipitation lasted from 13h30 until the end of the experiment, with a 30-minute hiatus 132
starting at approximately 16h00. The maximum rainfall intensity (5.2 mm h -1 ) occurred at 133 16h30. The cumulative precipitation quantity was 5.5 mm at the end of the experiment. Three 134 different surface processes of topographic changes were identified. Figure 3 shows the 135 difference between the initial and final scans (11h01 and 17h47, respectively). Changes in the 136 surface elevation (z) appear in blue (increased elevation) and red (decreased elevation; Figure  137 3). We considered only the changes that are fully visible in the oblique view of the 138 experiment (i.e., the box with a slope of 45°). 139
The micro-topographic changes that occurred along transect 1-2 are shown in Figures 3 and 4 . 140 Figure 4c shows a depression (in red) formed at the top of a small ridge, and the surface 141 elevation of a depression below this ridge increased (in blue). This change can be interpreted 142 as a downward mass movement at the millimetre scale. The small particles moved downward 143 and filled a desiccation crack. This phenomenon occurred 30 minutes after the highest 144 intensity rain event, between 17h00 and 17h30 ( Figure 5) . 145
When the rain intensity reached 1 mm h -1 , the entire surface of the soil started to rise 146 (perpendicular to the surface of the 45° slope), which appears as a pale blue layer in Figures 3  147 and is illustrated in Figure 6 . This process resulted in an overall rise of 1.5 to 3 mm over the 148 course of the experiment, i.e., a cumulative 5.5 mm of rain ( Figure 5 ). The surface elevation 149 increased slowly after the first rain. At 16h30, the surface subsided, and the process was 150 momentarily slowed down. Subsequently, the processes accelerated following the peak in rain 151 intensity ( Figure 5 ). Note that no significant rise in the topographic surface occurred at the top 152 of the sample, which was protected from the rain (Figure 3 ).
6
Another observed process is linked to changes in the soil surface by lateral expansion (Figures  154   6 and 7) . This process occurred continuously through the closing of desiccation cracks, which 155 were present on the surface of the sample. 156
The final observed process was the stripping of soil particles by the kinetic energy of the 157 raindrops. Although these changes were observed by the authors during the experiment, their 158 magnitude was unfortunately too small to be significantly monitored by the TLS used in this 159 study. 160
Discussion and conclusions 161
The topographic changes observed along transect 1-2 (Figures 3 and 4) The observed rise in the surface, which occurred following a 30-minute delay after the 171 initiation of rainfall, is certainly linked to the swelling of the material. The soil sample 172 experienced swelling after the first rainfall intensity peak, contraction 30 minutes after the 173 cessation of rainfall and renewed rising once the rain started again. This measured cyclic 174 behaviour demonstrates that the swelling and contraction of the soil surface is a reversible 175 process. We can assume that this process is linked to moderate rainfall intensities, which 176 allow water to infiltrate the fine-grained material, causing swelling. This process is not 177 necessarily caused by clay minerals because they are present only in small quantities 178 (primarily illite) in the study area (Antoine et al., 1995) . The swelling dissipates rapidly for 179 moderate rainfall events because of the diffusion of water when the rainfall stops, which leads 180 to a decrease in the effect of the water. 181
The crack-closing lateral expansion of the surface is also certainly linked to swelling but does 182 not reverse when the rain stops. Figures 6 and 7 clearly show that the material has expanded 183 and that the material as not transported because no deposition was observed at the bottom. We 184 have not found any definitive explanation that accounts for the difference between the rising7 process and the lateral expansion process. However, the difference must be related to gravity, 186 which increases the effect of swelling downward. When the two sides of the crack make 187 contact, the moistened zone doubles its thickness, decreasing the water diffusion in the 188 material. In addition, these processes must be components of creeping (Selby, 1993) demonstrates that material and rain intensity must be suitable to permit the efficient detection 211 of rain splash processes and associated erosion; specifically, a rainfall intensity of greater than 212 20 mm h -1 is necessary (Mathys et al., 2005 
